Spectrograms have been used for time-resolved analysis of Fourier power spectra in various fields. We have performed spectrogram analysis for two neighboring modes and a low frequency mode changing gate width of the time gate function. The obtained spectrogram of the former showed both amplitude and frequency modulations between two neighboring modes. A contamination appearing on the spectrogram of the latter reflects an artifact showing beat between the signal mode and a negative frequency mode whose sign was inverted from the signal mode. Surprising results from the amplitude and phase modulations were observed in the simulation even in the case of single mode. This puzzling result was explained in terms of the interference between the single mode and the "negative" frequency composing the single mode with the corresponding "positive frequency."
Data which contains more than one vibration mode can be studied by frequency analysis. The most common method for frequency analysis is fast Fourier transform (FFT). 1 However, being based on the assumption that the signal is stationary, FFT is not applicable for nonstationary and/or nonlinear signals. Timefrequency analysis is analysis for a spectrum which varies with time. The timefrequency analysis does not assume stationary condition of the signal; therefore, it can be used to study real-time change of signal frequency. Short time Fourier transform (STFT) 2 is one of the most popular methods for time frequency analysis. The trace obtained in the STFT is called a spectrogram, 3 which has been used for time-resolved analysis of Fourier power spectra in various research fields. In this work, we have performed FFT and spectrogram analysis for time-resolved absorption change observed for a film of poly(p-phenylenevinylene) derivative.
In this work, a 10-fs laser pulse was used to demonstrate pumpprobe dynamics in a film of poly[2-methoxy-5-(2¤-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV). 4 Figure 1a shows the time-resolved absorption change trace (¦A) measured at the probe wavelength of 616 nm scanning delay time from ¹390 to 1396 fs in 3.6 fs steps. The peaks of the Fourier power spectrum of the ¦A trace in good agreement with the Raman spectrum 5 were assigned with the help of the latter as follows. The modes around 970 and 1580 cm ¹1 correspond to CH out-ofplane bending and vinyl C=C stretching, respectively. CH inplane bending appears as three peaks around 1110, 1290, and 1310 cm ¹1 . Time-dependent change of vibration frequencies was studied by spectrogram analysis using the Blackman window function. Supporting Information 8 shows why the Blackman window was used. The spectrogram analysis was performed after removing exponentially decaying signal from the real-time trace. The decay signal was removed by applying the same method as in the FFT analysis mentioned earlier. frequency of the mode around 1110 cm ¹1 is modulating at a period of ca. 400 fs. However, the frequency modulation could not be recognized in Figure 1e .
The intensity beat observed around 1300 cm ¹1 in Figure 1c has a period of ca. 600 fs. It is caused by the beat between the two modes at 1290 and 1310 cm ¹1 because the two modes have comparable intensity and the frequency difference between the two modes, 20 cm
¹1
, corresponds to the inverse of the beating period of ca. 600 fs.
When we use window a width of 200 fs, frequency resolution of the spectrogram is ca. 400 cm ¹1 ; therefore, the modes at 1580 and ca. 1300 cm ¹1 are thought to cause a beating signal of ca. 100 fs. This is why Figure 1d shows the intensity beat between 1580 and ca. 1300 cm
. It is, therefore, important to be careful in the analysis of time-dependent vibration modes. If the frequency and/or amplitude modulation is found with modulation frequency corresponding to the difference frequency the modulation intensity must be carefully studied to make sure that the amount of the modulations are smaller than that obtained by simulation using the amplitude of the neighboring mode(s). 6 Vibration modes exponentially decaying with the corresponding lifetime of each mode can also be analyzed by using linear prediction and singular value decomposition (LP-SVD). 7 The LP-SVD analysis of the time-resolved trace confirms that the frequency modulation observed around 1300 cm ¹1 was caused by the beating artifact between the neighboring two modes and that the frequency modulation around 1110 cm ¹1 was not an artifact but the real frequency modulation of the mode. 8 We have calculated a spectrogram for the function f(t) = sin(2³t/50)e ¹t/500
, setting window width of the Blackman window function to 200 and 60 fs, and the results plotted in Figures 2a and 2b , respectively. Figure 2b shows clear intensity beats appearing at a period of 25 fs, which is double frequency compared with the original oscillating frequency. However, the double frequency beat was difficult to observe in Figure 2a , in which FWHM (full width at half-maximum) of the window is wider than the beat period. It is surprising that the amplitude and phase are modulated in the simulation even in the case of the single mode.
This puzzling result is thought to be reflecting the interference between the single mode and the "negative" frequency composing the single mode with the corresponding "positive" frequency as explained below. The origin of the double frequency beat signal can be explained as follows. Fourier transform of real function oscillating at a certain frequency (½ 0 ) gives a spectrum that has a peak at ½ 0 and another peak at ¹½ 0 . In a similar manner, the negative frequency mode (¹½ 0 ) is also expected to appear on the spectrogram. Beat frequency between the positive frequency and the negative frequency mode is thought to be equal to the frequency difference between the two modes («½ 0 ¹ (¹½ 0 )« = 2½ 0 ). This is the origin of the double frequency beat observed in the spectrogram.
Meanwhile, the reason why the beat was hard to observe in Figure 2a can be explained as follows. FWHMs of the windows in the two spectrograms are broader than the period of the double frequency beat (25 fs). In other words, frequency resolutions of the spectrograms are finer than the frequency difference between positive and negative frequency mode. Therefore, the beat between the two modes did not appear in Figure 2a .
Thus, the fastest time constant studied in the spectrogram analysis limits minimum window width. Meanwhile, maximum window width is limited by the smallest frequency difference between the vibration modes to be observed in the spectrogram analysis. The other restriction for the window width is that FWHM of the window function should be twice as board or more than any oscillation period of the vibration modes in the signal even if the signal contains a single oscillation mode. 
